The nacelle weight reduction is a key design criterion for oshore wind turbines, when these are reaching towards 10 MW. To overcome the weight challenge, a transformer-less concept is under development. This concept employs a special permanent magnet synchronous generator (PMSG) with an innovative system for high insulation level. The generator supplies nine series connected converter modules, which results in a high voltage DC output of 100 kV, reducing the total weight of the system. The work presented here focuses on one of the 11.1 kV converter modules, and identies the modular multilevel converter (MMC) as the best suitable candidate for the proposed system. The comparison criteria are qualitative: no direct series connection of IGBTs, converter eciency, voltage quality and redundancy for increased reliability. Simulations in PSCAD/EMTDC are presented, with focus on redundancy, submodule voltage balancing, and implementation of the MMC in full system models. The results show that the MMC performs well in the full system, and is therefore considered as a viable converter for the proposed system.
Introduction

Background and motivation
The increasing demand for electricity, combined with the necessity of reducing the CO 2 -emissions is one of the greatest challenges of this century. There is a need for green energy, and the worldwide energy sector faces a huge public responsibility. A responsibility of not only providing the possibility for continuous growth in living standards, but also securing that the growth is sustainable. In addition to a greener utilization of fossil fuels like oil and gas, the use of renewable energy sources will be an important contribution to the energy mix. Oshore wind is a relatively new approach to the generation of green electricity. Moving the electrical power generation oshore gives several benets, but has a comprehensive list of challenges. This includes mechanical inuence, fatigue, transport and assembly, electrical grid design and maintenance issues due to the scarce availability. However, the use of oshore wind has been increasing: 1.2 GW was installed in 2010, resulting in a worldwide total of 3.1 GW, and a share of 1.6 % of the total wind capacity [2] .
There is high activity in the developing of oshore wind, as new technology is needed to overcome the technical and economical diculties. As the average size in oshore wind turbines increases, from today's average of 3.8 MW [4] , the overall nacelle weight becomes a key issue. A weight reducing strategy is therefore one of the motivations for this work. In addition, as a result of the scarce availability, an optimal solution should include redundancy for increased reliability [3] .
1.2
Outline of the paper
The paper is organized as follows. Part 2 presents an overview of the concept. In part 3, the conventional converter is presented along with the multilevel idea and the following multilevel topologies. A converter is chosen for further studies, and part 4 describes the simulations. Conclusions and further work are summarized in part 5 and 6, respectively.
The proposed turbine concept
This chapter presents rst the conventional wind turbine generator/converter solutions. The intention is to highlight some of the challenges with the conventional design in terms of weight and reliability. A new, weight-reducing concept is then presented, with possibilities of increased reliability.
The conventional solutions
The doubly-fed induction generator (DFIG) is today the most popular generator solution in oshore wind applications, and stands for almost 50 % of all operational generators [4] . A schematic of the solution is shown in gure 1a. The DFIG solution includes a gear box to step up the rotational speed, a proportionally rated AC/AC converter to control the exitation of the machine, and a step-up transformer. The gear box has a reputation of being a troublesome component, especially in oshore wind turbines where the reliability is very important. According to a Swedish survey, 20 % of the downtime for a typical turbine is because of the gear box [5] . The gear box is a large and heavy mechanical unit, which has to be mounted and replaced in one piece. This means that one of few existing crane vessels has to be brought to the site. Using solutions which omit the gear box will therefore increase the reliability and reduce the weight. A directly driven PMSG is such a solution, and trends show an increase in the use of these [4] . The PMSG solution oers some advantages that are very useful compared to a DFIG-solution:
The machine can be directly driven without the need for gearing. There is less maintenance; no brushes nor slip-rings. The PMSG has therefore increased reliability, and increased eciency in a larger range of wind speeds [4] . However, the step-up transformer is still included in standard PMSG solutions, as illustrated in gure 1b. This is due to the large power handling of the generator, and the standard industrial voltage of 690 V. This results, in the MW-segment, in a very high current which needs to be transferred down the tower, and hence bulky cables. The cables have to be exible enough to handle the yaw control of the turbine. The transformer for large oshore turbines is therefore placed in the nacelle. The voltage output from the generator should therefore be increased in order to reduce the current, reduce the losses and to omit the transformer in the nacelle.
The low-weight high-voltage solution
A new generator/converter concept is under development to reduce the nacelle weight. The converter solution is analysed in [6] , [7] , and the insulation solution presented in [1] . A schematic of the concept is presented in gure 2. The system consists of a special permanent magnet synchronous generator with nine sets of 3-phase windings. Each winding set is electrically separated from the others, and supplies a three phase converter module. Each converter module produces an output DC voltage of 11.1 kV, and the stack of modules are series connected to obtain a desired DC voltage of 100 kV. As seen in gure 2, both the gear box and the step up transformer is now replaced by the special PMSG and converter structure. The weight reduction is believed to be signicant, and is a direct result of the special solution. There are a few arguments for this:
• The generator is built by composite materials instead of cast steel, and is therefore lighter than a corresponding induction machine. The generator mass is typically 20-30 % of the equivalent iron-cored systems [8] .
• The transformer and gear is omitted. The schematic makes the converter part seem complex, but it is not that intricate -compared to the alternative. Because of component limitations at the desired power and voltage rating, a single two-level full-converter structure would also need both series and parallel connections to handle the power rating. An additional benet is redundancy. This is indeed one of the intentions with the proposed system [9] . Another benet of the system is the possibility to avoid the oshore node for certain distances to shore, which would introduce major savings to the oshore wind farm installation costs.
Contribution of this work
This work focuses on one of the converter modules of the new light-weight, high voltage concept shown in gure 1b. The desired DC voltage is set to 100 kV, and the proposed 10 MW generator has nine separately isolated three phase windings. Each converter must therefore handle a DC voltage of 11.1 kV, and a power rating of 1.1 MW. The conventional two-level converter, used in the initial concept studies, is therefore not necessarily the best choice for this system. Multilevel converters are believed to introduce several benets in terms of voltage quality, eciency, and redundancy for increased reliability. This work proposes the idea of using multilevel converters in the proposed system. Five converter topologies are therefore investigated for their suitability for the proposed concept, and one converter topology is chosen for further studies through simulations.
3 Voltage source converters
The Standard two-level
The standard two-level voltage source converter (VSC) [10] is the reference converter. It has the simplest structure of those evaluated, and consists of six IGBTs with diodes in anti-parallel. Figure 3 shows the basic structure of such a two-level VSC. The standard two-level VSC benets from its simplicity, both in structure and control, and is a well-known technology. For low voltage and power ratings it is therefore very popular. However, with the higher voltage of the proposed system, each phase arm has to withstand a high voltage. Since each IGBT has limitations in voltage blocking capabilities, direct series connection of IGBTs is necessary to meet the increased voltage stress on each switch. The two level converter has been used in high voltage transmissions, but then with series connection of switches as indicated in gure 3. In this gure, each switch really consists of ve IGBTs in series. IGBTs are available with blocking voltages up to 6.5 kV [11] . A vital criteria with series connection of IGBTs is the switch control. The branch of IGBTs has to be able to switch simultaneously. This is however quite complicated, and the consequence of delayed switching in one part of the branch is severe. This is one of the reasons why multilevel converters have become popular. Another reason is the demand for ltering in two-level converters.
3.2
The Multilevel concept Figure 4a shows a principle sketch of one leg in a three phase multilevel converter. The concept is to stack n-1 capacitors or voltage levels, and use controlled switching to obtain a desired n-level AC voltage. The amplitude of the voltage is then determined by the number of contributing levels [12] . • The multilevel divides the total voltage into multiple levels, which results in a lower dv dt .
• The losses in a converter include mainly conduction losses and switching losses [13] . Reduced switching frequency makes the reduction of switching losses possible.
• The harmonic distortion is reduced, resulting in lower loss due to harmonic components.
• Some multilevel topologies make redundancy possibilities easier to implement. This makes component failures less critical for the operation of the converter.
• The ltering demand in multilevel congurations is reduced, reducing the volume and cost, and the losses due to ltering.
Possible drawbacks
• The investment cost increases with more complex structures.
• An increase in complexity could jeopardize the reliability.
• Complex control strategies are needed. For instance, capacitor voltage balancing strategies are necessary for most multilevel converters.
Multilevel topologies
The ve following multilevel voltage source converter topologies have been studied with regards to their suitability for the proposed concept: Neutral Point Clamped converter (NPC) [14] , Flying Capacitor converter (FC) [15] , Hexagram Converter [16] , Cascaded H-Bridge converter (CHB) [17] and the Modular Multilevel Converter (MMC) [18] . Table I gives a summary of the converter properties: Both the Hexagram Converter and the CHB does not t the proposed concept, as they require separate DC loads. The FC has been excluded because of high capacitor volume and voltage balancing issues at higher levels [12] . Of the two remaining converter topologies, the MMC has been selected as the best alternative to the conventional two-level VSC. The NPC is the state-of-the-art converter for medium voltage applications, but is not practically expandable to more than three levels. Consequently, there is a need for direct series connection of IGBTs in the NPC as well as the two-level. The MMC oers the easiest expansion of levels for good voltage quality, avoids the direct series connection of IGBTs and has a modular structure with redundancy possibilities for increased reliability.
The following simulations focuses therefore mainly on the functionality of the MMC, comparing it to the 2-level VSC. An n-level MMC diagram is illustrated in gure 5.
Simulations
The simulations were performed to investigate the features in the operation of the MMC, both in control and structure. Furthermore, the simulations compare the MMCs suitability for the proposed system, with a conventional two-level VSC. A ve level MMC model is implemented in PSCAD. Features like redundancy and submodule voltage balancing are included in the simulations. In addition, the converter model is implemented in a simulation of the complete system.
Upper phase arm Submodule A voltage balancing issue was in an initial study experienced in the MMC. Voltage balancing control is therefore needed for the multilevel modular converter to function as expected [19] . Without a good balancing strategy, the mid-capacitor voltages drifts towards zero, see gure 8a, and the top and bottom modules in one arm are stressed with the whole DC-voltage. This means that the DC-link voltage is shared by the two other capacitors, and that the whole converter eventually acts as a three level converter -increasing the stress on each switch. The eect on the phase voltages is indicated in gure 8b. A balancing control is implemented in the simulation models. The strategy follows the one described in [20] . The strategy is to charge those sub-modules with the lowest capacitor voltages, and discharge the sub-modules with highest capacitor voltages. A sorting algorithm ensures the charge or discharge of the correct sub-modules. This is possible because the voltage level generated in the MMC converter depends upon the number of ON-state switches in the upper arm and the lower arm, and not by the specic order these are turned on. The capacitor voltage balancing strategy can be summed up as follows. For each switching instant, 1. The capacitor voltages of all capacitors are measured and indexed 2. The arm current direction is identied 3. The necessary number of ON-state submodules is calculated 4. A selection of the sub-modules is done 5. Gate pulses based on the selection of sub-modules are generated The overall control strategy is illustrated in gure 6. The outer control system is described in [7] . The calculation of the number of ON-state submodules is done using a conventional carrier based pulse width modulation. A ow chart describing the voltage sorting algorithm is presented in gure 7 . Simulations in PSCAD demonstrate that the sorting algorithm from [20] is required for the operation of the MMC, as expected. As shown in gure 8, the capacitor voltages in the upper arm of phase a are balanced around 2.75 kV, which is one fourth of the DC-link voltage. At t = 0.5 s, the capacitor voltage sorting is disabled in the calculation block, and as expected the voltages drift towards zero and V dc = 5.5 kV, i.e. the extremities. The measured total harmonic distortion (THD) in the line to line voltage V ab increases from 14 % (before disabling balancing) to 35 % (after t = 0.7s).
Redundancy
One benet of the MMC, which is in line with ideas behind the proposed concept, is the possibility of redundancy [9] . A failure of one submodule in one phase arm is included in the simulations. The voltage balancing control algorithm is changed to adjust to this bypass. The results of the bypass, described in gures 9a-d, demonstrate that the voltages in each of the remaining submodules are increased, the phase voltage in the converter is reduced to four levels, and the harmonic content in voltages and currents is increased. A fault in one of the submodules of phase a, does only aect the phase voltage of the same phase, and the corresponding phase current. This is indicated in gure 9b and 9c. The line-to-line voltages connected to phase a is also aected, as seen in gure 9d. On this basis, the converter performs as expected, and gives with this a redundancy to the system which increases the reliability and extends the continuous operation of the wind turbine. A set of simulations were preformed on the full system, to document how the chosen converter operates in comparison to the conventional 2-level VSC. The idea is that the system should operate with any voltage source converter topologies. The description of the complete system model can be found in [6] and [7] . Due to limitations in the educational version of PSCAD, the system had to be reduced to three generator/converter modules. The total DC-link voltage is scaled to preserve the module rating, and reduced to one third of the original, to preserve the original voltage (of 11.1 kV) in each converter module DC output. The results show that the MMC performs well in the full system, and is therefore considered as a viable candidate. It outperforms the conventional two-level in terms of voltage quality, as expected. Moreover, the system behaves very well with the introduction of a new converter type as well. This is an indication of that the system can tolerate any voltage source converter with a three phase input and a DC-link output. As seen from gure 10a and b, the line current is less distorted in the MMC-case. The phase voltages have the typical ve level staircase waveform with decreased dv dt , and less harmonics than in the two-level setup, see gure 10c and d. Because of the series connection of the three converter modules, the phase currents in gure 10c and d have a oset of ±11.1 kV. There is low ripple in the DC link voltages, as seen in gure 10e and f. There is however a minor increase in the oscillations of the DC voltage for the MMC, because of the submodule voltage balancing control.
Conclusions
In this paper the ve most popular multilevel converter topologies have been compared with focus on suitability for a special weight-reducing wind turbine generator concept. The modular multilevel converter (MMC) has several benets that made it the most interesting topology for further studies: The MMC makes direct series connection of IGBTs unnecessary. In addition, it oers high voltage quality, redundancy possibilities, lower demand for ltering and is easier expandable to a larger amount of levels than the other topologies. The feature of redundancy is an important feature of the oshore installation, and a case of submodule failure has been simulated in PSCAD. A fault and disconnection of one module is handled by the redundancy control system, and the reliability of the system is therefore increased. Preliminary studies showed that the MMC required balancing control to avoid capacitor voltage drifting. A voltage balancing strategy was therefore implemented and analysed through simulations to ensure correct operation of the converter. The MMC should have at least ve levels to prevent damage to IGBTs because of over voltages in transient periods. This is because of today's limitations in voltage handling of IGBTs. An optimal amount of levels depend upon the desired level of losses, generator specications, voltage quality and a weighting of reliability versus complexity and cost. This optimization is outside the scope of this work. The converter has been compared to a conventional two-level converter in a full wind turbine simulation of the proposed generator/converter system. The MMC functioned well in the system, and outperformed the two-level VSC in terms of voltage quality, as was expected. By implementing the features of a multilevel converter into the proposed system, the system can improve in terms of reliability. This is very benecial in oshore installations where accessibility is limited.
